is a zinc transport protein with high expression in the small intestine and liver. Zip14 is upregulated during endotoxemia and leads to increased liver zinc content and transient hypozinemia. Since body zinc status and inflammation are associated with changes in intestinal permeability, we hypothesized that ZIP14 may influence intestinal permeability. Wild-type (WT) and Zip14 knockout (KO) mice were used to determine ZIP14-associated intestinal zinc metabolism and effects on permeability. Fractionation of plasma membranes revealed that ZIP14 is localized to the basolateral membrane of enterocytes. Studies utilizing 65 Zn administered by subcutaneous injection revealed greater zinc accumulation in the SI of Zip14 KO mice compared with WT mice. Isolation of endosomes confirmed the presence of ZIP14. Quantification of endosomal zinc concentration by FluoZin-3AM fluorescence demonstrated that zinc is trapped in endosomes of Zip14 KO mice. Intestinal permeability assessed both by plasma FITC-dextran following gavage and by serum endotoxin content was greater in Zip14 KO mice. Threonine phosphorylation of the tight junction protein occludin, which is necessary for tight junction assembly, was reduced in KO mice. Claudin 1 and 2, known to have an inverse relationship in regards to tight junction integrity, reflected impaired barrier function in KO jejunum. These data suggest involvement of ZIP14 in providing zinc for a regulatory role needed for maintenance of the intestinal barrier. In conclusion, ZIP14 is a basolaterally localized protein in enterocytes and is involved in endosomal trafficking of zinc and is necessary for proper maintenance of intestinal tight junctions. endotoxemia; zinc transporter; endosomes; intestinal permeability; mucosal defense THE GASTROINTESTINAL TRACT is responsible for both homeostatic control of zinc metabolism and zinc-dependent host barrier functions. Consequently, intestinal dysfunction as produced by inflammation influences zinc biology. Two families of metal ion transporters, comprised of a total of 24 individual members, the ZnT (SLC30A) and ZIP (SLC39A) proteins, are the major components of metabolic and functional pathways for zinc (16, 17) . These metabolic pathways act as homeostatic determinants of zinc absorption from the gastrointestinal tract and potentiate the release of endogenous zinc, particularly pancreatic secretions (16). Both Zip and Znt transporters are regulated at the transcriptional and posttranslational level.
endotoxemia; zinc transporter; endosomes; intestinal permeability; mucosal defense THE GASTROINTESTINAL TRACT is responsible for both homeostatic control of zinc metabolism and zinc-dependent host barrier functions. Consequently, intestinal dysfunction as produced by inflammation influences zinc biology. Two families of metal ion transporters, comprised of a total of 24 individual members, the ZnT (SLC30A) and ZIP (SLC39A) proteins, are the major components of metabolic and functional pathways for zinc (16, 17) . These metabolic pathways act as homeostatic determinants of zinc absorption from the gastrointestinal tract and potentiate the release of endogenous zinc, particularly pancreatic secretions (16) . Both Zip and Znt transporters are regulated at the transcriptional and posttranslational level. Whereas some of the ZnT and Zip genes are regulated by dietary zinc intake, others respond to hormonal or cytokine signals.
We have investigated the responses of the Zip and ZnT genes to proinflammatory conditions. Focusing initially on the liver in response to a sterile abscess (turpentine administration) and lipopolysaccharide (LPS), we found that Znt5, Zip1, Zip6, Zip7, and Zip14 were upregulated by one or both treatments (21) . Conversely, Zip2 and Zip8 were downregulated. Furthermore, the regulation of Zip14 in response to IL-6, IL-1␤, and nitric oxide was shown to coincide with zinc accumulation by hepatocytes (18, 21) . It was clearly established that ZIP14 expression had a positive influence on regeneration of the liver and that the transported zinc was responsible for the inhibition of protein tyrosine phosphatase 1B, which maintained c-Met phosphorylation and hepatocyte proliferation (2) . Those findings support a signaling role for zinc as mediated by ZIP14.
At the transcript level, the murine duodenum and jejunum express more Zip14 mRNA than the liver (19) . This difference in RNA abundance and regulation by proinflammatory stimuli suggests ZIP14 could have a role in maintaining barrier function for the gastrointestinal tract. Zinc-mediated alteration in intestinal permeability has been noted in several disease models, including diarrheal and Crohn's disease (29, 32) . These diseases and overall health are known to be zinc responsive (7) . The significance of these properties at the intestinal level includes the observation that the "Western diet" is proinflammatory (25) and that intestinal barrier dysfunction is zinc responsive and inflammation-related (32, 37, 39) .
Reported here are experiments that describe the role of ZIP14 (Slc39a14) in the intestine. By using a Zip14 knockout (KO) mouse model, it was shown that ZIP14 is needed for systemic zinc uptake at the basolateral membrane of enterocytes. ZIP14 maintains the intestinal barrier via stabilization of occludin phosphorylation, a tight junction (TJ) protein. These findings provide insights into how systemic zinc maintains barrier function to limit the influences of endotoxin produced by enteric microbiota. LPS-induced endotoxemia. Mice were given an injection of phosphate-buffered saline (PBS) alone or containing LPS (Escherichia coli serotype 055:B5: Sigma-Aldrich, St. Louis, MO) at 2 mg/kg body wt ip. The mice were killed 3, 6, or 18 h after the injection.
MATERIALS AND METHODS

Animal and treatments. Development of the murine Zip14
Cell culture. Caco-2 cells, a human colorectal adenocarcinoma cell line, were purchased from American Type Culture (ATCC, Manassas, VA). The cells were cultured in Dulbecco's modified Eagle's medium supplemented with 20% fetal bovine serum, 2 mM glutamine, and penicillin/streptomycin (Sigma-Aldrich). Media was changed every 2 days. Experiments were performed 21 days postconfluence to ensure cells were fully differentiated.
Intestinal permeability assay. FITC-dextran 4000 (Sigma-Aldrich) at 40 mg/100 g body wt was administered by gavage (500 l, to mice that were fasted overnight) 1 h before they were killed. The FITCdextran content of the plasma (100 l) was measured by spectrofluorometry at Ex/Em 488/520 nm. The FITC-dextran concentration was calculated from a standard curve. Alternatively, serum was prepared from mice that were not fasted. Endotoxin levels were measured by LAL chromogenic endotoxin qualitative assay (Thermo Scientific).
65 Zn metabolism. For transport and excretion of endogenous zinc, the mice were administered 65 Zn (3 Ci; PerkinElmer, Waltham MA) by subcutaneous injection. Mice were killed after 3 h and the entire length of the small intestine and colon were excised and the 65 Zn content was measured. Luminal contents were removed by perfusion with PBS/EDTA metal chelating buffer (10 mM EDTA, 10 mM HEPES, and 0.9% NaCl 2) and an aliquot was measured for 65 Zn. Values were normalized to the weight of the excised intestine. Gamma spectrometry was used to measure radioactivity, and values were expressed as percent of the total 65 Zn administered. RNA extraction and quantitative real-time PCR. Intestinal mucosal scrapings were collected into RNAlater (Ambion, Carlsbad, CA), followed by homogenization in TRI Reagent (Ambion) for total RNA extraction. SYBR green Master Mix was used for quantitative PCR (qPCR) as described previously (2, 3) . Amplification values were normalized to the expression of universal 18S or TATA binding protein mRNA.
Western analysis and polyclonal antibodies. Flash-frozen mucosa was homogenized in 50 mM Tris buffer (pH 7.4) containing Triton X-100, 1 ϫ HALT protease and phosphatase inhibitor cocktail (Thermo Scientific), and 1 mM PMSF. Cytoplasmic and membrane Zip14 is regionally expressed in mouse intestine and is localized to the basolateral membrane of enterocytes. The intestines of wild-type (WT) mice were separated into duodenum (Duo), jejunum (Jej), ileum (Ile), and colon (Col). In addition, villar (Vil) and crypt (Crp) epithelial cells from the entire intestine were separated by a mechanical method and collected by centrifugation. A: Zip14 mRNA was measured by quantitative PCR (qPCR) with values normalized to TATA binding protein (TBP). Data are expressed as means Ϯ SD (n ϭ 3 mice). B: cellular proteins were examined for ZIP14 expression by Western blot analysis with mZIP14 and ␤-actin (ACTB) as the loading control. C: immunofluorescence showing localization of ZIP13 (red) at the basolateral membrane of enterocytes of the jejunum of a WT mouse. The mZIP14 antibody as used in (B, D-F) was used to obtain this image. D: mucosa from jejunal tissue was collected from WT mice, and cytoplasmic (Cyt) and total membrane (Mem) fractions were isolated by use of NE-PER reagents. Proteins were analyzed by Western blot as above, plus Na ϩ -K ϩ -ATPase, and SGLT1 as positive controls for membrane localization. E: total small intestine from WT mice were subjected to apical surface biotinylation and purified by use of streptavidin-conjugated Sepharose beads. The pellet fraction (apical) and supernatant (basolateral/cytoplasmic; Cyt/Bas) were obtained and the proteins were analyzed as in D. SGLT1 served as the apical membrane marker and Na ϩ -K ϩ -ATPase served as a basolateral membrane marker. F: Caco-2 cells grown to 21-day postconfluence on Transwell plates were subjected to biotinylation in the upper well (apical compartment) and fractionated and analyzed as in E, except hZIP14 was used. Western blots are representative blots from multiple experiments.
fractions were isolated by use of a subcellular protein fractionation kit (Thermo Scientific). Proteins were separated by 10% SDS-PAGE and then transferred to nitrocellulose membranes. Transfer was confirmed with Ponceau red staining. Western analysis used antibodies designed in-house that were prepared and used as previously described (20) . Purchased antibodies were hZIP14 HPA016508, ACTB A2066 (SigmaAldrich), EEA1 3288P, phosphorylated threonine 8781S, RAB11 5589 (Cell Signaling, Danvers, MA), SGLT1 ab14686, CLDN1 ab15098, CLDN2 ab53032 (Abcam, Cambridge, MA), Na ϩ -K ϩ -ATPase sc-21712, OCLN sc-5562, and PKC sc-216 (Santa Cruz Biotechnology, Santa Cruz, CA).
Villus and crypt isolation. Small intestines of WT mice were washed by perfusion with PBS and everted by use of a glass pipette. Two-to 3-mm segments of small intestine were placed in ice-cold Hanks' balanced salt solution (low Mg/Ca content). Villus/crypt fractions were isolated via repeated shaking and collection steps. Both alkaline phosphatase activity (measured via pnitrophenyl phosphate, Sigma-Aldrich) and Western blotting confirmed villus/crypt isolation.
Endosome isolation. Mucosa from the duodenum and jejunum were excised from WT and Zip14 KO mice and washed in ice-cold PBS. Crude endosomes were isolated from harvested mucosa by a previously described method (31) . Crude endosomes were isolated from Caco-2 cells by the same method and were used to confirm results obtained with the mucosal preparation.
Endosomal intracellular labile zinc concentration. Endosomes were sonicated in 200 l PBS and 5 M FluoZin-3AM (Invitrogen, Carlsbad, CA) was added. Samples were incubated at 37°C for 1 h and fluorescence was measured by spectrofluorometry at Ex/Em 495/516 nm.
Membrane isolation biotinylation assay. Intestinal tissue excised from WT mice was washed with ice-cold PBS containing protease inhibitors, phosphatase inhibitors, and PMSF. The intestine was everted by use of a Pasteur pipette and incubated in PBS containing Sulfo-NHS-SS-Biotin (Thermo Scientific). Liberated cells were lysed with a nondenaturing lysis buffer. Streptavidin-conjugated Sepharose beads (Cell Signaling) were combined with the cell lysate from biotinylated intestinal segments and incubated overnight at 4°C with gentle agitation. Samples were then centrifuged at 14,000 g at 4°C and washed in nondenaturing lysis buffer. The pellet was suspended in SDS loading buffer and used for Western blotting (modified protocol from Ref. 24) .
Immunofluorescence. Tissue sections from the jejunum of WT and KO mice were flash frozen in optimal cutting temperature compound (VWR, Radnor, PA), embedded in paraffin, cut as 5-m sections, and mounted. Sections were incubated with rabbit ZIP14 primary antibody, followed by addition of anti-rabbit IgG-Alexa 594 conjugate (Molecular Probes, Eugene, OR). Negative controls consisted of incubating the primary antibody with antigenic peptide before exposure to tissue (3). Nuclei counterstaining was performed with 4,6-diamidino-phenylindole (DAPI) (Invitrogen). Fluorescence was visualized by confocal microscopy.
Immunohistochemistry. Sections of jejunum from WT and KO mice were fixed in 10% neural buffered formalin. The 5-m sections were incubated with rabbit CLDN1 and CLDN2 followed by incubation with DAB chromagen (Vector, Burlingame, CA) for visualization by light microscopy.
Analytical Procedures. Proximal sections of jejunum were removed and washed with PBS. Representative samples were used to 65 Zn in the dose administered. F: nonheme iron concentration of jejunal mucosa was determined colorimetrically. Data are expressed as means Ϯ SD (n ϭ 5) (*P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001).
measure zinc by atomic adsorption spectrophotometry and non-heme iron with the ferrozine method as previously described (3).
Statistics. All statistical analyses were done by use of SigmaStat (Systat Software, Chicago, IL). For experiments comparing genotype, Student's t-test was used. Significance was considered to be a value P Ͻ 0.05.
RESULTS
Zip14 is highly expressed in the proximal intestine and is localized to the basolateral membrane of murine enterocytes.
The steady-state abundance at both the transcript and protein level was highest in the duodenum and decreased along the gastrointestinal tract and displayed minimal expression in the colon (Fig. 1, A and B) . The transcript and protein levels in the different regions were in very good agreement. Zip14 expression increased in abundance from the crypt to the villus. Enrichment of villus and crypt cells during fractionation was verified by use of alkaline phosphatase activity as the marker for enterocytes in the villar region (data not shown). Immunofluorescence of a duodenal villus showed a strong signal for ZIP14 along the basolateral membrane of intestinal epithelial cells (IEC) (Fig. 1C) . Fractionation of cells into cytoplasmic and membrane compartments showed no presence of ZIP14 in the cytoplasm (Fig. 1D) . Na ϩ -K ϩ -ATPase, a basolateral membrane marker, and SGLT1, an apical membrane marker, confirmed isolation of IEC membranes. Following biotinylation and separation of apical and basolateral fractions, the basolateral fraction revealed a strong enrichment of ZIP14 in both mouse small intestine (Fig. 1E ) and Caco-2 cells (Fig. 1F) . Clear alignment of ZIP14 with Na
Zip14 transports zinc into the intracellular compartment via endosomes. Western blot of proteins demonstrated the absence of ZIP14 in the jejunum of Zip14 KO mice ( Fig. 2A) . A qPCR screen of all known Zip and ZnT transporters in the jejunum showed that the only significant change between WT and KO mice was in Zip 2 and ZnT6 mRNAs. However, Western blots showed that neither gene produced a difference in abundance of these proteins between WT and KO mice (data not shown). A significant increase in total zinc content (P Ͻ 0.004) of the jejunum was present in the KO mice as shown by atomic absorption spectrophotometry (Fig. 2B) . In support of the increase of cellular zinc is the increase in Mt-1 mRNA (P Ͻ 0.008), a zinc-responsive gene in the KO mice (Fig. 2C) . To understand the transport process that could lead to intestinal zinc accumulation in the KO mice, 65 Zn was administered by subcutaneous injection. A significant 40% increase (P Ͻ 0.001) of the 65 Zn dose was retained in intestinal tissue of the KO mice (Fig. 2D) ; however, there was no change in the percent of the 65 Zn dose secreted into the lumen in either genotype (Fig. 2E) . Of note is that the nonheme iron content of the jejunum was not different between the two genotypes (Fig. 2F) .
To explain the accumulation of zinc in the jejunal tissue of the KO mice with no change in zinc secretion into the lumen, experiments were directed toward looking for trapped intracellular zinc. Crude endosomes were isolated from total protein lysate via a sucrose gradient protocol. ZIP14 was found associated with endosomes isolated from both murine jejunum and Caco-2 cells (Fig. 3, A and B) . Endosomal isolation was confirmed with EEA1 and RAB11, markers of early and late endosomes, respectively. Further confirmation of the endosomal fraction was provided by GPR39, an apical membrane marker that does not undergo endocytic recycling (Fig. 3A ) (11, 12) . Endosomal membrane localization of ZIP14 was also demonstrated by using a comparable membrane fraction from Caco-2 cells (Fig. 3B) . The labile zinc content of intestinal endosomes in KO mice was found to be fivefold greater than endosomes from WT mice upon incubation with the membrane-permeable zinc chelating fluorophore FluoZin-3 AM (Fig. 3C) . Next we determined how changes in zinc trafficking would alter tissue function.
Intestinal permeability is altered with loss of Zip14. Previous reports from our laboratory have reported that ZIP14 acted as a proinflammatory mediator within the liver. Therefore we sought to determine the effects of LPS administration on ZIP14 within the intestine. The response of the jejunum to LPS was evaluated at three time points: 3, 6, and 18 h. Protein levels of ZIP14 decreased following LPS at the 3-and 6-h time points (Fig. 4A) . Interestingly, this was opposite from the liver response, which had elevated ZIP14 expression at all measured time points (Fig. 4B) as reported previously (2, 3, 20) . Nevertheless induced inflammation has an impact on ZIP14-related effects within the jejunum. Basal levels of cytokine mRNA expression were measured. KO jejunum was found to have significantly higher (P Ͻ 0.05) transcript levels of TNF-␣ and IL-6 (Fig. 4C) . Inflammation has been reported to cause an increase in TJ permeability (23) . Hence, we next sought to establish whether ZIP14 influences barrier permeability. Using FITC-dextran as a marker of intestinal permeability, we observed a significant increase (P Ͻ 0.001) in permeability in the KO mice (Fig. 4D) . Increased levels of serum endotoxin in KO mice confirmed (P Ͻ 0.005) the effects of increased permeability (Fig. 4E) . TJ proteins are differently expressed in intestines of WT and Zip14 KO mice. An initial screening of TJ mRNAs revealed no major difference between WT or KO genotypes (data not shown). However, protein abundance of PKC, a key regulator of TJ proteins, was reduced in KO jejunal tissue (Fig. 5A) . Since the TJ protein OCLN is phosphorylated when it participates in barrier function, we investigated the potential that deletion of Zip14 influences OCLN phosphorylation. Immunoprecipitation with anti-phospho-threonine antibody was performed and phosphorylated OCLN was examined by Western blot. KO mice showed a marked reduction in the amount of threonine-phosphorylated OCLN (Fig. 5A) . In addition, Western analysis showed a marked reduction in CLDN1 and increase in CLDN2 in the KO mice (Fig. 5B) . Immunohistochemistry of CLDN1 and CLDN2 proteins is consistent with the observed change in expression detected by Western analysis (Fig. 5C ).
DISCUSSION
Dietary zinc uptake along the intestinal tract in animal models is highest in the proximal small intestine and lowest toward the colon (34) . It has been well established that ZIP4 is a major apically localized transporter responsible for zinc uptake by enterocytes (5, 20) . ZnT1 is a basolateral transporter in enterocytes (23) . Together, these transporters account for a substantial amount of dietary zinc taken up by the enterocytes and transferred into the plasma pool. In our present study, we have shown that ZIP14 has a distribution pattern consistent with the intestinal zinc utilization, as well as functional roles in mucosal health.
To conclusively establish ZIP14 localization, we used a recently validated method of apical and basolateral fractionation (24) and confirmed those results by immunofluorescence. Prior to the identification of ZIP14 to the basolateral membrane in this report, the only ZIP transporter known to be at the basolateral membrane of enterocytes was ZIP5 (8, 35) . From the limited data available, ZIP5 expression along the basolateral membrane increases from media containing high zinc concentrations in cell culture models, suggesting that ZIP5 may be responsible for increased accumulation of endogenous zinc in enterocytes during high-zinc conditions. Hence, ZIP5 may function to clear excess systemic zinc through the intestine and the intestinal lumen (8, 35) . In contrast, ZIP14 may facilitate an intestinal function of zinc, since it already has a high level of transcript expression in WT mice were injected with LPS (2 mg/kg ip) and were killed 3, 6, and 18 h later. Jejunal and liver tissues were obtained. Intestine and liver total lysates from WT mice were analyzed by Western blot with ACTB (jejunum) or tubulin (liver) as the loading control. C: relative cytokine expression in WT and KO jejunum. The qPCR data were normalized to TBP. Means are expressed as means Ϯ SD (n ϭ 6 mice). D: WT and KO mice were fasted overnight. The mice were administered FITC-dextran by gavage 1 h before being killed. Plasma was prepared and fluorescence was measured. Data were normalized to body weight and expressed as means Ϯ SD (n ϭ 10 mice). E: WT and KO mice were traditionally housed for 4 wk after weaning. Serum was prepared after the mice were killed and endotoxin levels were measured via a spectrophotometric assay. Data are expressed as means Ϯ SD (n ϭ 5 mice) (*P Ͻ 0.05; **P Ͻ 0.005; ***P Ͻ 0.001).
the intestine and is unresponsive to dietary zinc conditions (9, 20, 21) . When Zip14 was deleted to examine basal zinc homeostasis, the zinc concentration of intestinal tissue of KO mice was higher. Altered expression of zinc transporters highly expressed in the intestine, particularly ZIP4, ZIP5, or ZnT1 (data not shown), were not influenced in this null genotype. Greater intestinal 65 Zn accumulation following a subcutaneous injection in the KO mice with no change in 65 Zn contents in the lumen suggests that there is dysregulation of intestinal zinc processing in the KO mice leading to retention of labile zinc, initially in endosomes. Utilizing a Zip14 overexpression system in HepG2 cells, Zhao et al. (38) observed a 50% colocalization of FLAG-tagged Zip14 with early endosome antigen and lysosome-associated membrane protein 1. However, that study did not examine whether the endosomes contained any zinc. Through the novel use of the zinc fluorophore FluoZin-3AM, we identified that there is an endosomal fraction in the intestine that contains labile zinc and the labile zinc pool increases with Zip14 deletion. Use of this technique is limited in that truly quantitative measures of this cellular pool of total labile zinc cannot be made, since the total cellular endosome content cannot be quantitatively measured. Also, it is possible that trapped endosomal zinc is just one mechanism by which excess zinc is accumulated in the enterocyte. Elevated Mt-1 mRNA as observed in the KO mice is likely the result of increased free zinc in the enterocyte, which activates the Mt promoter via binding of the MTF1 transcription factor. Since intestinal non-heme iron concentrations are not different between the WT and KO mice, these endosomes are not likely to contain different amounts of iron. The presence of ZIP14 in an endosomal fraction suggests that release of endosomal zinc could affect regulatory mechanisms of signaling pathways associated with the immune response (10, 28) . Of particular relevance is that ZIP14, in multiple tissues, is tightly coupled with the inflammatory response caused by endotoxins. We established Zip14 as an LPS-responsive gene in the liver, muscle, pancreas, and white adipose tissue where increased expression leads to elevated tissue zinc and hypozincemia (3, 18, 21) . Therefore, the lack of increased intestinal Zip14 mRNA and ZIP14 protein abundance following acute LPS administration was surprising. A unique characteristic of the intestinal epithelium, which contrasts with those other tissues, is that it is constantly exposed to resident microbiota. Toll-like receptors TLR-2 and TLR-4 are active in the intestine in the presence of commensal bacteria as well as pathogenic bacteria (26) . The major ligand for TLR-4, LPS (22) produces a downregulation of the Tlr-4 gene in IEC (33) . Therefore with the constant exposure to this environment, mechanisms involved in intestinal Zip14 may be fully activated and do not respond to acute LPS administration. Because ZIP14 expression is high in the intestine relative to other tissues, we examined the role it may play in supplying zinc for maintenance of barrier function. Two in vivo models of intestinal permeability used in this study established that the KO mice have a twofold greater permeability. It is important to note that these changes in permeability are indicators of both small molecule permeability, FITC-dextran (4 kDa), and large molecule permeability, LPS (Ͻ10 kDa). An increase in both markers indicates a global defect in permeability produced by a lack of ZIP14, but produced by more than one mechanism. There have been a number of proposed mediators of permeability in the literature, including TJ regulation, produced via inflammation (15, 27) . We focused on the role of zinc on TJ protein expression and assembly. Zinc has been shown to directly alter permeability owing to modifications to TJ proteins (37, 39) , and they were our initial candidates for investigation.
A key regulator of TJ protein assembly is the PKC family (6). PKC is capable of phosphorylating multiple threonine residues of the integral TJ protein OCLN (14) . Threonine phosphorylation is necessary for the appropriate assembly of the TJ complex. Immunoprecipitation of phosphorylated threonine and Western blot with OCLN antibody showed that KO mice had decreased OCLN abundance, which was correlated with a reduced abundance of phosphorylated OCLN. This observation suggests that there are transcriptional and posttranslational regulatory mechanisms for TJ proteins controlled by ZIP14. It is possible that loss of ZIP14 can play a direct role on OCLN phosphorylation. This could occur through altered PRKC activity or through inhibition by PP2A, as OCLN threonine phosphorylation can be directly inhibited by the activity of PP2A (30) . Zinc is capable of inactivating PP2A through a src-dependent pathway (36) . Loss of ZIP could lead to constitutively elevated PP2A activity, OCLN dephosphorylation and impaired assembly of OCLN at the TJ. It needs to be clarified in further research whether regulation of the PP2A activity in this phosphatase via ZIP14 activity is involved in the regulation of both TJ proteins.
CLDN1 is a positive regulator of paracellular permeability by which increased protein abundance along the TJ decreases permeability (13) . By contrast, CLDN2 is a negative regulator of TJ permeability and an increase is associated with greater permeability (1) . Within this study, we have found that both of these integral TJ proteins are altered by ZIP14 expression in a manner that is consistent with increased permeability. The increased flux of FITC-dextran could be accounted for by the alteration in these two TJ proteins, since claudins are known to mediate small-pore intestinal permeability (4) . These data provide a basis for further experiments.
In summary, data from the experiments reported here have established that ZIP14 is most abundantly expressed in the villar enterocytes of the proximal small intestine. ZIP14 is localized to the basolateral membrane of the enterocyte (Fig.  6A) . Zip14 KO mice have greater intestinal zinc content through enhanced accumulation in endosomes of enterocytes (Fig. 6B) . The KO mice present with a phenotype that includes reduced intestinal barrier function. The KO mice exhibited an increase in CLDN2 and a decrease in CLDN1, along with impaired phosphorylation of OCLN (Fig. 6B) . These findings suggest that zinc trapped in endosomes of mice lacking ZIP14 leads to decreased OCLN phosphorylation, which results in decreased barrier function and increased paracellular movement of endotoxins and enteric microflora into the systemic circulation. Taken together, these results suggest that decreased availability of systemic zinc to enterocytes, as would occur in dietary zinc deficiency, could relate to the diarrheal disease that has been shown to be responsive to zinc therapy (7, 29) and provide a target (i.e., ZIP14 expression) for intestinal diseases that influence permeability (32) . Fig. 6 . Proposed model for the ZIP14-mediated influence on TJ function and intestinal permeability. ZIP14 is localized to the basolateral membrane and transports endogenous zinc (blue) into enterocytes. A: in WT mice after endocytosis, ZIP14 functions to release vesicular zinc into the cytoplasm where it acts to maintain OCLN phosphorylation. B: in ZIP14 KO mice, zinc is accumulated in vesicles, and there is loss of a gain in CLDN2 and OCLN phosphorylation at the TJ. Changes in these proteins could contribute to loss of TJ barrier function and lead to increased paracellular movement of enteric endotoxins (red) into systemic circulation. Blue represents Zn 2ϩ and red represents enteric endotoxin.
